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Whether leukocytes can transmigrate through endothelial cells, rather than between them, is contro-
versial. In this issue, Carman et al. (2007) demonstrate that lymphocytes can extend podosomes to
palpate endothelial cells searching for areas permissive for transcellular diapedesis.The anatomical site of leukocyte pene-
tration across the endothelium during
inflammation has been debated for
more than a century. Julius Arnold sug-
gested in 1873 that leukocytes pass
through special openings between en-
dothelial cells (Arnold, 1873), but
George Adami later suggested that
the leukocyte could pass directly
through the endothelial cells ‘‘as one
soap bubble may be passed through
another’’ (Adami, 1909). When electron
microscopy (EM) techniques were de-
veloped in the 1950s, researchers
thought that this relatively simple ques-
tion would be readily addressed. How-
ever, it turned out to be more difficult
than anticipated because of the need
for serial sections todiscernunambigu-
ously whether leukocytes migrated
directly through endothelial cells
(transcellular route) or whether leuko-
cytes extravasated between endothe-
lial junctions (paracellular route). Ob-
taining EM serial sections was, and
still is despite the technological ad-
vances, a monumental task. The lim-
ited evidence obtained in the 1960s
supported the intuitive view that leuko-
cytes do extravasate between endo-
thelial cells. This view has prevailed
because it has been further supported
by many in vitro studies using human
umbilical vein endothelial cells (HU-
VECs). Furthermore, the molecular
mechanism was elegantly character-
ized, implicating type I transmembrane
adhesionmolecules—such as platelet-
endothelial cellularadhesionmolecule-1
(PECAM-1), junctional adhesion mole-
cules (JAMs), and CD99—enriched atendothelial junctions (Muller, 2003).
However, careful serial EM analyses
of in vivo neutrophil emigration, from
theDvorak laboratory, havechallenged
this view by suggesting that most neu-
trophils extravasate through the trans-
cellular route (Feng et al., 1998). The
idea that leukocytes would pierce their
way through endothelial cells has been
difficult to accept for most immunolo-
gists and vascular biologists in part
because this kind of aggressive behav-
ior could only be ascribed to highly
abnormal (e.g., cancerous) cells, and
perhaps more importantly, because
the mechanism was enigmatic. Not
anymore. The beautiful studies pre-
sented in this issue of Immunity from
the Springer laboratory, lend mecha-
nistic support for transcellular diape-
desis (Carman et al., 2007).
Using IL-2-cultured primary lympho-
cytes, the authors found that 30%
of lymphocytes transmigrate via the
transcellular route of TNF-a-activated
dermal or lung microvascular endo-
thelial-cell monolayers, whereas the
transcellular pathway represented
only 10% of the transmigration on
HUVECs. This result, consistent with
other recent studies (Millan et al.,
2006), provides an explanation as to
why the transcellular migration was
not previously appreciated because
HUVECs have been by far the most
prevalent experimental system. The
authors attempted to block selectively
the classical paracellular pathway but
found that anti-PECAM-1, a classical
blocker of the paracellular route, com-
parably inhibited both pathways. In-Immunitdeed, endothelial adhesion molecules
enriched in intercellular junctions
(PECAM-1andJAM-1)werealso found
on the sites of transcellular diapedesis.
Carman and colleagues then used
live-cell imaging to dissect the mecha-
nisms of transcellular diapedesis on
microvascular endothelial cells trans-
fectedwith intercellular adhesionmole-
cule-1 (ICAM-1) fused to GFP. They
found that clusters of micron-scale
fluorescent rings (0.2–1 mm in diam-
eter) formed over laterally migrating
lymphocytes. These rings were highly
dynamic—they could appear and dis-
appear on a time scale of tens of
seconds—and always preceded the
formation of transcellular pores at the
initiation of transcellular diapedesis.
Further clever studies with fluorescent
markers to image differentially the
plasma membrane and the cytoplasm
revealed that the rings represented
invagination of the endothelial mem-
brane (as opposed to upright projec-
tions). The authors suggested that lym-
phocytes had a proactive role because
activation with the chemokine CXCL12
could induce the formation of ring-
shaped invaginations. Further confocal
imaging revealed the existence of clus-
ters of ventral leukocyte 0.2–1 mm
protrusions expressing b2 integrin
(LFA-1), talin-1, and an inner core rich
in F-actin. The size, morphology, and
presenceofanF-actincore surrounded
by the integrin signaling machinery are
characteristic features of podosomes.
Podosomes are cellular projections
that contain adhesion molecules,
adaptors, and kinases resemblingy 26, June 2007 ª2007 Elsevier Inc. 753
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to stress fibers. However, in contrast
to focal adhesions, podosome assem-
bly does not require de novo protein
synthesis, and podosome cores are
highly enriched in proteins involved in
actin polymerization (Linder and Aep-
felbacher, 2003). This explains why
the formation of podosomes is much
faster than the formation of focal ad-
hesions. The physiological function
for podosomes in hematopoietic cells
is best characterized in osteoclasts,
where they contribute to the formation
of a sealing zone that degrades bone
tissue. Whereas osteoclast podo-
somes are thought to act, as the name
implies, as feet allowing translocation
on bone surfaces, the present study
suggests a potentially novel role in
which leukocyte podosomes may rep-
resent a sensing organ probing for
a suitable path for transcellular migra-
tion (Figure 1). Indeed, lymphocytes
from Wiskott-Aldrich syndrome pro-
tein (WASP)-deficient patients were
unable to form podosomes, but these
lymphocytes could spread and move
laterally. In addition, WASP-deficient
lymphocytes exhibited little transcellu-
lar migration, whereas their paracellu-
lar migration was intact. Furthermore,
the inhibition of the Src kinase path-
way, also reported to be critical for
podosome formation (Linder and Aep-
felbacher, 2003), did not inhibit lateral
migration but affected the genera-
tion of podosomes and transcellular
diapedesis. The authors argue that
podosomes may probe stochastically
because invaginations were even ob-
served against the nuclei of endothelial
cells, a dead end for transmigration.
However, whether podosomes initiate
transcellular migration without an ac-
tive guidance by endothelial cells re-
mains unclear. Previous studies by the
authors and others (Barreiro et al.,
2002; Carman and Springer, 2004)
have uncovered the formation of endo-
thelial projections rich in the integrin
counterreceptors ICAM-1 and VCAM-1
around migrating leukocytes and
whose relationship, if any, with podo-
some formation is not yet defined.
The authors termed the cognate
ICAM-1 expressing endothelial invagi-
nation ‘‘podoprints.’’ Podoprints are
slightly larger than podosomes; the754 Immunity 26, June 2007 ª2007 ElseFigure 1. Mechanism of Transcellular Diapedesis
Adherent leukocytes, poised to transmigrate through inflamed microvascular endothelium, move
laterally via interactions between b2 integrins and ICAM-1. During this process, leukocytes extend
podosomes into cognate endothelial ‘‘podoprints.’’ Podosome formation requires dynamic actin
remodeling controlled by WASP, allowing the leukocyte to search for areas permissive for diape-
desis. When permissive areas are encountered, podosomes extend further to the basal surface
of endothelial cells, becoming ‘‘invasive’’ and leading to transcellular pore formation. Signals em-
anating possibly from interactions between podosomes and podo-prints increase calcium flux
within endothelial cells, which in turn triggers SNARE-mediated vesicle fusion and transcellular
pore formation.vformer embraces the latter like a glove.
Podoprints are surrounded by endo-
thelial vesicles andenriched in the solu-
ble-N-ethylmaleimide-sensitive-factor
accessory-protein receptor (SNARE)
fusogenic proteins (VAMP2-3) in the
endothelium. Fusogenic activity was
necessary for this process because
transcellular diapedesis was inhibited
by intracellular calcium chelation or in-
activation of the SNARE pathway. The
activation of the cell-fusion machinery
strongly suggests the exchange of sig-
nals between lymphocyte podosomes
and endothelial podoprints.
One dramatic feature of the lympho-
cyte podosomes was their remark-
able invasiveness. Projections into en-
dothelial cells were variable (average
0.5 mm), but some reached depths
ofmore than2mm,which is reminiscent
of invasive projections (invadopodia)
of cancer cells (Linder and Aepfel-
bacher, 2003). Tumor-cell invadopodia
are thought to play an active role in cell
invasion by facilitatingmatrix degrada-
tion in tissues because they contain
high concentrations of matrix metallo-
proteinases (MMPs). Given that the
probing and invasion functions of po-
dosomes are akin to those of tumor in-
vadopodia, it is possible that the mostier Inc.invasive podosomemay deliver MMPs
and other proteinases that would
facilitate transmigration. This idea is
consistent with recent observations
indicating that the sites of neutrophil
extravasation are depleted in base-
ment-membrane components through
neutrophil-derived serine-protease
activity (Wang et al., 2006).
The present study will likely be sem-
inal for other works that will define
further how leukocytes egress the vas-
culature. One obvious important ques-
tion will be to determine precisely how
prevalent transcellular migration is in
various endothelial beds. This issue
can now be addressed more readily
in vivo with the recent advances in
fluorescence-imaging technologies. It
is possible that studies using micro-
vasculature-derived endothelial cells
may have underestimated the fre-
quency of transcellular events be-
cause of the phenotypic changes in-
duced by cultivation. Because both
the paracellular and transcellular path-
ways appear to be physiologically rel-
evant, it is also possible that certain
endothelia preferentially favor a partic-
ular route. Likewise, subsets of leuko-
cytes may exhibit some preference.
The authors have mostly studied
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indicated that monocytes can form po-
dosomes and migrate through endo-
thelial cells; serial EM analyses have
suggested a prominent role for trans-
cellular migration of neutrophils (Feng
et al., 1998). These studies suggest
that most leukocytes are endowed
with podosome-sensing capabilities.
However, naive lymphocytes were in-
ept in transcellular migration, suggest-
ing that certain cytokines can activate
the podosome-formation machinery.
The remarkable ability of activated
lymphocytes to form invasive podo-
somes resembling invadopodia raises
other questions about what really
makes a tumor invasive. Conversely,
the essential function of podosomesAPRIL in the Inte
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et al. (2007) find that bacterial mo
by intestinal epithelial and dendr
What a difference 30 mm makes. On
one side of the intestinal epithelium,
there are more microbes than we have
cells in our body. On the other, the tis-
sues of the gut mucosa are almost
sterile. The numbers of commensal
microbes in a human (1014) may be
startling enough, but their densities
(%1012/g intestinal contents) are much
higher than those in other global habi-
tats for microbial consortia, such as
soils, subsurfaces, andoceans (<108/g).
Not only are we the best of good cul-
ture media, but in any discussion of
host-microbial mutualism we are also
left wondering whether we tolerate
the commensalmicrobes or vice versa.
Immunology is bound to take a eu-
karyotic view of mutualism. We knowand their specificity for transcellular
migration raises the possibility that in-
vadopodia-enabled malignant tumors
might preferentially use the transcellu-
lar route to metastasize. Further elu-
cidation of this pathway will provide
targets that may impact the specificity
of the immune response and, poten-
tially, the behavior cancer cells.
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